In a scenario involving a nuclear detonation during war or a terrorist attack, acute radiation exposure combined with thermal and blast effects results in severe skin injury. Although the cutaneous injury in such a scenario may not be lethal, it may lead to inflammation, delayed wound healing and loss of the skin barrier, resulting in an increased risk of infection. In this study, we tested the potential use of timolol, a beta-adrenergic receptor antagonist, to improve epidermal wound closure after combined burn and radiation injury using an ex vivo human skin culture model. Daily application of 10 lM timolol after combined injury (burn and 10 Gy ex vivo irradiation) increased wound epithelialization by 5-20%. In addition, exposure to 10 Gy significantly suppressed epidermal keratinocyte proliferation by 46% at 48 h postirradiation. Similar to what has been observed in a thermal burn injury, the enzyme phenylethanolamine Nmethyltransferase (PNMT), which generates epinephrine, was elevated in the combined thermal burn and radiation wounds. This likely resulted in elevated tissue levels of this catecholamine, which has been shown to delay healing. Thus, with the addition of timolol to the wound to block the binding of locally generated epinephrine to the beta-adrenergic receptor, healing is improved. This work suggests that by antagonizing local epinephrine action within the wound, a beta-adrenergic receptor antagonist such as timolol may be a useful adjunctive treatment to improve healing in the combined burn and radiation injury. Ó 2018 by Radiation Research
INTRODUCTION
With the exception of radiotherapy, human acute exposure to moderate (2-10 Gy) and higher doses of ionizing radiation is usually accidental; however, it can also be intentional, as in the case of a nuclear detonation during terrorist attacks or war. In addition to radiation injuries, nuclear explosions produce thermal and blast injuries that often occur in combination. In such a scenario, a majority of the casualties (;70%) are likely to sustain a radiation combined skin-burn injury (RCI) (1) . In RCI, the lethality of a radiation dose can be as low as 2.5 Gy (2). In humans, acute whole-or partial-body exposure to .2 Gy radiation causes acute radiation syndrome or sickness (ARS) (3, 4) , leading to hematopoietic, gastrointestinal, cutaneous and cerebrovascular damages. Cutaneous radiation syndrome is not lethal per se, but contributes to multi-organ failure (5, 6) and delayed wound closure, thereby also increasing risk of infection (7, 8) . Currently, no specific treatments are available for victims of radiation exposure alone or RCI (9) , and supportive care in irradiated humans has been estimated to increase LD 50 values from 3.5-4 to 6-7 Gy (10). Efforts to develop new medical countermeasures to treat ARS and RCI are the focus of the NIH Radiation and Nuclear Countermeasures Program, coordinated by the National Institute of Allergy and Infection Diseases (11) . Preclinical investigations, several human case reports and a case series (60 patients) in which timolol is used to heal venous ulcers (12) (13) (14) (15) (16) suggest that cutaneous wound healing is improved by topically applied timolol maleate, a first-generation nonspecific beta 1, 2 adrenergic blocker, which is FDA approved for the treatment of glaucoma (17) . Here, we examine the potential of timolol to improve healing in an ex vivo human skin model of combined radiation and burn injury.
MATERIALS AND METHODS

Human Skin Collection
Normal human skin was obtained from surgical procedures for cosmetic breast reduction or abdominoplasty. This study was approved by the Institutional Review Board (IRB) at the University of California, Davis and skin samples were obtained from nine female adult donors with the majority being Caucasian and an average age of 46 years. All patients had been cleared for this cosmetic surgery, and while protected health data regarding prescription drug use that could affect wound healing were not captured from patient records per IRB protocol, the assumption is that for clearance for elective plastic surgical procedures, these were limited.
Ex Vivo Skin Culture and Wounding
Full-thickness skin, including epidermis, dermis and subcutaneous fat, was collected at the operating room within 4 h of the surgical procedure. After collection, skin was immediately placed in cold sterile phosphate buffered saline (PBS; pH 7.2) containing antibiotics (Invitrogene, Carlsbad, CA). After removal of the fat layer under sterile conditions, the skin was cut into ;15 3 20-cm pieces, and maintained in cold PBS until the experiments were initiated, within the next 4 h. The skin was subjected to one of three injuries: irradiation with burn; burn with irradiation; or burn only (control). Combined injuries were spaced by 15-min intervals, where the skin was left at room temperature and kept moist using Dulbecco's modified Eagle medium (DMEM; Invitrogen). For radiation injury, 10 Gy of X rays were delivered using a clinical irradiator (Elekta Synergyt, Stockholm, Sweden) at a dose rate of 1 Gy/min at 15 MeV. For thermal burn, skin was dried with sterile gauze prior to 1-s application of a stainless-steel rod (1 mm in diameter) heated to 2008C on a heating plate. DMEM was applied to the skin immediately after burning. The skin tissue was cut into 1 3 1-cm squares after the wounds were created, submerged in culture media [DMEM supplemented with 10% fetal bovine serum (FBS) and antibiotics] and cultured for 10 days before fixation. To observe the effect of timolol (Sigma-Aldricht LLC, St. Louis, MO) on wound healing of injured skin pieces, timolol (10 lM) was added to the culture media (18) . The culture media was refreshed daily. The number of tissue pieces for the nine donors across the six conditions varied but averaged out to three, and the number of skin sections per piece varied but also averaged out to three.
Hematoxylin and Eosin Staining
Skin samples were fixed in 10% buffered formalin at room temperature for 24 h, followed by another week or more at þ48C, prior to paraffin embedding. Skin sections, 5 lm in thickness, were stained with hematoxylin and eosin (H&E).
PNMT Staining
To perform the phenylethanolamine N-methyltransferase (PNMT) staining, the skin samples were fixed and embedded in paraffin and sectioned to 5 lm. The sections were deparaffinized, rehydrated and incubated with sodium citrate buffer (pH 6.0) at 958C for 20 min to retrieve the antigen and blocked with 4% bovine serum albumin (BSA) for 1 h. Primary antibody against PNMT (rabbit antibody, cat. no. ab154282, 1:100; Abcamt, Cambridge, MA) was incubated with the samples overnight at 48C, followed by three PBS washes. Secondary antibody, anti-rabbit-HRP (1:500; Cell Signaling Technologyt Inc., Danvers, MA), was incubated with the sections for 2 h, followed by 10-min incubation of Vectort DAB (Vector Laboratories, Burlingame, CA) and counterstaining of the nuclei with hematoxylin. The slides were then mounted and imaged.
Image Analysis
Wound healing was scored by measuring the percentage of wound re-epithelialization. The skin sections were scanned at 103 by a BioRevo BZ-9000 microscope with the imaging software (Keyence Corp. of America, Itasca, IL). The wound edge was indicated by the detached epidermis. The wound length and re-epithelialization from both wound edges were digitally measured to determine the percentage of healing. The PNMT slides were scanned at 103 using a BioRevo BZ-9000 microscope. The epidermal area adjacent to the wounds was selected to measure the average PNMT staining intensity. The average PNMT intensity from three patients (two sections/sample) in each treatment group was compared to the control by t test.
Keratinocyte Proliferation
Isolated human keratinocytes between passage 3-6 were cultured in keratinocyte growth medium [EpiLifee KGMe with human keratinocyte growth supplements (HKGS) and ABAM], seeded at 3 3 10 5 /ml on 60-mm culture plates on day 0, received 10 Gy of radiation and incubated for 24-48 h. Cells were collected at 24 and 48 h and counted to determine the proliferation rates. Three keratinocyte strains from donors were used and three independent experiments were repeated.
Statistical Analysis
Percentage healing (Fig. 1E ) was modeled as a function of treatment (i.e., burn; burn with timolol; burn with irradiation; burn with irradiation and timolol; irradiation with burn; or irradiation with burn and timolol), using a Tobit model (20) to address the substantial number of sections with 0% healing. A random effect for donor was included in the model. The wound healing analyses were performed using R version 2.13.0 (21). Tobit modeling was performed using the R package AER (22) . Skin samples from nine donors were used in three repeated experiments. For each skin donor, an average of three skin samples and an average of three sections per sample were scored in each treatment group.
RESULTS AND DISCUSSION
We examined wound healing in an ex vivo human skin model of combined burn and radiation injury. Wound closure was scored by histomorphometric analysis of reepithelialization in H&E stained skin sections on day 10 after injury ( Fig. 1) . Representative images of partially healed wounds (Fig. 1A and B, epithelialization indicated by arrows) and fully healed wounds (Fig. 1C and D) are shown. Timolol demonstrates beneficial re-epithelialization effects in these wounds. Adding 10 lM timolol after injury improved wound epithelialization by 5-20% (see Fig. 1G , treatment groups: burn with timolol; burn with irradiation and timolol; irradiation with burn and timolol). Statistical analysis demonstrates that the timolol treatment increased healing among the three treatment groups (likelihood ratio test P , 0.001). The order in which injuries occurred (burn injury followed by radiation injury or vice versa) did not affect the healing rates (likelihood ratio test P ¼ 0.330). The overall benefit of timolol across wound types is significant, and no difference in the response to timolol by wound type was observed (likelihood ratio test P ¼ 0.414).
Radiation changes the proliferative capacity of epidermal cells, as well as the communication network of keratinocytes, fibroblasts and immune cells (6) . Keratinocyte proliferation is required for wound re-epithelialization, and 10 Gy exposure significantly inhibited keratinocyte proliferation by 46% at 48 h postirradiation ( Fig. 2A) , which likely contributed to the decrease in re-epithelialization observed in post-burn tissues ( Fig. 1; 10 -25% re-epithelialization after 10 days of incubation).
Local generation of epinephrine, an endogenous ligand for the beta-adrenergic receptors, within a thermal burn wound has previously been demonstrated to impair healing (18) , and here we demonstrate its role in the combined injury (schematic pathway, Fig. 2G ). The burned epidermal tissue contributes to epinephrine generation by upregulation of the catecholamine biosynthetic enzyme PNMT (18) .
Similar to the thermal burn injury, epidermal PNMT levels were elevated in the combined thermal burn and irradiation wounds, even with the timolol treatment at day 10 ( Fig. 2B , histological images in Fig. 2D-F) .
Sivamani et al. (19) showed that the PNMT level may be regulated by the beta-adrenergic receptors by examining the very early, acute responses (30 min to 24 h) of PNMT levels in the keratinocyte scratch wounds. Here, we examined the delay in healing; thus, we probed tissue at day 10 after FIG. 1. Timolol promotes re-epithelialization in the combined burn/radiation wounds. Sections of human skin that received combined burn and radiation injury were incubated for 10 days, fixed, then H&E stained for histological analysis. Scale bars ¼ 100 lm. Panels A and B: Partially re-epithelialized wounds. Arrows indicate the re-epithelialization. Panels C and D: Fully re-epithelialized wounds. Panel E: Positive control of fully reepithelialized incisional wound. Panel F: Untreated human skin to present the epidermis. Yellow line indicates newly re-epithelialized dermal surface, underlying the injured and necrotic separated stratum corneum. The epidermis layer does not regenerate to full thickness under the culture conditions. Panel G: Boxplots of percentage healing in six treatment groups: burn; burn þ timolol; burn þ irradiation; burn þ irradiation þ timolol; irradiation þ burn; irradiation þ burn þ timolol. Timolol-treated groups are shown as blue boxes to the right of their untreated controls. The horizontal line in the middle of each box represents the median, the lower and upper edges of the box represent the first and third quartiles, respectively, and the whiskers represent the smallest and largest nonoutlying observations, where an outlying observation (indicated with a circle) is defined here as any observation lying more than 1.5 interquartile ranges from the box.
injury. This might explain why in the current study, the timolol treatment did not change the PNMT level, yet by blocking generated catecholamine activity, improved wound healing. We speculate that the beta-adrenergic receptor antagonist timolol inhibits the activity of the locally elevated epinephrine after wounding, resulting in improved keratinocyte migration and wound epithelialization in combined burn and radiation injury. Interestingly, a nonhealing, radiation-induced wound has been reported to heal when treated with timolol, providing support for the potential clinical translation of this therapeutic approach. Indeed, a federally-funded randomized controlled clinical trial in the U.S. to examine the efficacy of timolol for healing diabetic wounds has just recently been initiated (ClinTrials NCT03282981) and a non-U.S. trial for timolol treatment of venous ulcers is reported to be underway (ClinTrials NCT02422017). Further experiments to examine the levels of epinephrine and beta-adrenergic receptors in wound tissue will be helpful to more fully elucidate the mechanism of timolol in improving wound healing. Taken together, this work suggests that a beta-adrenergic receptor antagonist such as timolol may also be a useful adjunctive treatment in early combined radiation injury to the skin, improving healing and restoring the epidermal barrier earlier, thereby decreasing the likelihood of skin wound infection.
FIG. 2.
Radiation inhibits keratinocyte growth, and PNMT is elevated in the combined burn/radiation wounds. Panel A: Exposure (10 Gy) inhibited the growth of cultured keratinocytes at 48 h postirradiation compared to control. Immunohistochemistry was used to detect PNMT in the injured skin, and levels of intensity quantified in skin samples at day 10 (panel B). PNMT levels were increased in the burn, combined burn/ radiation and timolol-treated burn/radiation wounds compared to controls (*P , 0.05). Panels C-F: PNMT staining was observed in the epidermis (control, burn, burn/radiation wound and timolol-treated burn/radiation wound, respectively); wound sites are indicated by the arrows. The nonspecific staining of stratum corneum was not included in the quantification. Scale bar ¼ 200 lm. Panel G: Schematic showing the regulation of beta 2 adrenergic receptors and wound healing.
